Abstract. Seasonal changes play roles in the transmission success of fish-borne zoonotic trematodes (FZT). This study examined the seasonal transmission patterns of Opisthorchis viverrini sensu lato (s.l.) and a virgulate cercaria (family Lecithodendriidae) in the snail intermediate host, Bithynia siamensis goniomphalos in northeast Thailand. Snail samples were collected monthly during the rainy, cool, and hot seasons during 2012-2013 to determine the prevalence and intensity of larval trematode infections. The prevalence of O. viverrini s.l. varied significantly with season, being 0.31%, 1.05%, and 0.37% in the rainy, cool, and hot seasons, respectively (P 0.05). Similarly, the prevalence of virgulate cercariae was 3.11%, 6.80%, and 1.64% in the rainy, cool, and hot seasons, respectively (P 0.05). The intensity of larval trematode infections also varied between seasons and peaked in the hot season (P 0.05) in both species. The snails infected with O. viverrini s.l. were significantly smaller (P 0.05) and those infected with virgulate cercariae were significantly larger (P 0.05) than uninfected snails. Seasonal variation and the different sizes of B. s. goniomphalos parasitized by O. viverrini s.l. and virgulate trematodes indicate complex host-parasite interactions with important implications for the epidemiology of O. viverrini s.l.
INTRODUCTION
The liver fluke Opisthorchis viverrini sensu lato (s.l.) is a zoonotic fish-borne trematode that is prevalent in the Mekong area of southeast Asia, including, Thailand, Lao PDR, Vietnam, and Cambodia. 1 Evidence from various sources indicates that O. viverrini represents a species complex. 2, 3 Human infection with O. viverrini s.l. is contracted by the consumption of raw or partially cooked fish, and chronic infection leads to hepatobiliary diseases and potentially to bile duct cancer (cholangiocarcinoma [CCA]). 4 ,5 O. viverrini s.l. is classified as a group 1 carcinogenic parasite together with Clonorchis sinensis and Schistosoma haematobium. 6 The life cycle of O. viverrini s.l. requires freshwater snails as the first intermediate hosts, and cyprinid fish as the second intermediate hosts, as well as a human definitive host or other reservoir host to complete its cycle.
In Thailand and Lao PDR, three species or subspecies of Bithynia, namely B. siamensis goniomphalos, B. s. siamensis, and B. funiculata, act as intermediate hosts. These Bithynia snails play a crucial role in the life cycle of O. viverrini s.l. as the amplification point from definitive and reservoir hosts to fish intermediate host. The prevalence of O. viverrini s.l. in Bithynia snails, particularly in B. s. goniomphalos, is typically low, although it is also variable (0.03-8.37% in infected populations), in contrast to the high prevalence found in fish and human hosts. [6] [7] [8] [9] [10] [11] In addition to O. viverrini s.l., several groups of trematodes can be found concurrently in B. s. goniomphalos. These often have several fold higher prevalences of infection than for O. viverrini s.l. 12 The xiphidiocercariae group, for example, has been subdivided into virgulate, ornatae, and armatae cercariae based on morphological differences. Virgulate cercariae are the most commonly found cercariae in B. s. goniomphalos. They belong to the family Lecithodendriidae, which are parasites of amphibians, reptiles, birds, and mammals. 13 For O. viverrini s.l., data on host-parasite interactions in B. s. goniomphalos are limited, with most coming from crosssectional surveys of the prevalence of infections. These rarely consider the effects of seasonal factors, intensity of infection, and host size selection. The only longitudinal study on transmission dynamics of O. viverrini s.l. in B. s. goniomphalos was conducted more than 30 years ago. 7 Subsequently, laboratory studies indicated that susceptibility of B. s. goniomphalos to O. viverrini s.l. infection was related to size and age of the snails, 14 as well as to water temperature. 15 Such information is not available for virgulate xiphidiocercariae, which also use B. s. goniomphalos as an intermediate host in the same habitat. Current data on the transmission dynamics of the liver flukes as well as B. s. goniomphalos in relation to seasonal changes during a time of climate and land use changes are important to understand the transmission of O. viverrini s.l. from human and other animal definitive hosts to the snail hosts.
This study, therefore, describes variation in the prevalence and intensity of snail infection, as well as host size distribution on the transmission dynamics of O. viverrini s.l. and virgulate cercariae in B. s. goniomphalos in the same endemic locality.
MATERIALS AND METHODS
Study area and snail collection. The snail collections were performed monthly in the same rice paddy field with an area of 1,534 m 2 in Phang Khon district, Sakon Nakhon Province, northeast Thailand, which is a known endemic area of O. viverrini s.l. 2 In addition to rain water, the area is irrigated with water from the Nam Un Dam through a network of irrigation canals. Consequently, irrigated water is available particularly in the dry season, allowing the planting two crops of rice per year. 16 From November to January and June to July most of the paddy fields had dried out and snails were sampled from areas with shallow water near inlet canals. The rice paddy habitat was chosen because previous studies detected B. s. goniomphalos at high densities there. 17, 18 A minimum of 500 snails were collected by handpicking and scooping from 10 to 12 sites with shallow water ( 10 cm deep) in one paddy field for 10 minutes/site. Snail samples were collected monthly during the rainy (June-October), cool (November-February), and hot (March-May) seasons during 2012-2013. Snails collected were pooled and transported to the laboratory where B. s. goniomphalos were separated according to Brandt 19 and Upatham and others 20 from other snails, predominantly Filopaludina and Pomacea species.
Trematode infection in B. s. goniomphalos was examined by cercarial shedding, 11 where individual snails were placed in small plastic containers (3 cm in diameter and 2.5 cm high) half filled with dechlorinated water (5 mL) and exposed to a 60 W light for 5 hours. The emerged cercariae were identified by morphology according to the keys published by Schell.
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After a primary screening to determine the presence of trematode infection, the snails were separated into three groups according their infection status. These could also be divided into three groups according to size as small, medium, and large virgulate. For the small virgulate, the measurement (min-max [average] in μm) of the body width and length was 48-62 (54) 42-96 (73), with small cercariae being the most common (89.6%). Snails infected exclusively by the most common small virgulate cercariae were used in this study. The snails infected with other trematodes or mixed infections with other types of cercariae (0.08%) were not included. Group 1 were trematode-free snails (uninfected controls) as confirmed by the crushing method 22 and microscopy. Group 2 snails were infected with O. viverrini s.l. exclusively, and group 3 was infected with virgulate cercariae exclusively. Three types of virgulate cercariae infecting the snails were also identified by specific polymerase chain reaction (PCR) primers, ITS2 and 28s rRNA (Kiatsopit N and Sithithaworn P, unpublished data).
Enumeration of sporocyst, redia, and cercaria. Infected snails with either O. viverrini s.l. or virgulate cercariae were allowed to acclimatize for 24 hours under laboratory conditions before being exposed to light from 06.00 AM to 6.00 PM. The number of cercariae released was counted. Positive cercariae shedding snails were individually crushed and dissected to enumerate sporocysts, rediae, and cercariae following the methods by Sunita and Singh. 23 Identification of the immature stages of O. viverrini s.l. was based on the morphology of developing cercariae from rediae to cercariae. 8, 24 In the case of virgulate cercariae, the anterior stylet in the oral sucker and the presence of well-developed penetration glands were used to identify cercariae that were found within the sporocysts. 25 Measurements of size of snails. Of the B. s. goniomphalos collected each month, 30 uninfected and 30 virgulate-infected snails were randomly chosen for size measurements. For O. viverrini s.l. the number of infected snails examined per month varied (1-51 snails) because the prevalence of O. viverrini s.l. infection in snails is normally low. 7, 8, 10, [26] [27] [28] The snails were measured under a light microscope with digital calipers (length of shell from apex to aperture).
Statistical analyses. Data were assessed for normality prior to performing statistical tests. Only data for length were normally distributed while all data for intensity of trematode infection had an aggregated distribution. Statistical tests were done using SPSS Statistics V21.0 (IBM Corporation, Armonk, NY). Independent t tests and analysis of variance (ANOVA) were used for normally distributed data to assess size differences between groups of infected and uninfected snails. Mann-Whitney U tests were used to compare the intensity of larval trematode infection between snails collected from different seasons. χ 2 tests were used to compare differences between prevalence in different seasons, and Kendall's tau was used to determine whether there was a correlation between intensity of larval trematode infection and the size of snails. Multivariate linear regression on log-transformed data was used to assess the contribution of seasonal factors and size of snails to the intensity of trematode infection, that is, sporocysts, rediae, and cercariae. The statistical tests were considered significant when P 0.05.
RESULTS
Seasonal prevalence of trematode cercariae in B. s. goniomphalos. A total of 14,183 B. s. goniomphalos snails were analyzed. O. viverrini s.l. was found in 1.73% and small virgulate cercariae in 11.55% of the snails. The infected snails collected during the three seasons contained medium virgulate (0.51%), large virgulate (0.82%), monostome (0.80%), cystophorous (0.39%), furcocercous (0.37%), lophocercous (0.22%), and mutabile (0.04%) cercariae. Data on average temperature, rainfall, and the prevalence of O. viverrini s.l. and virgulate cercariae are shown in Table 1 . For O. viverrini s.l., the prevalence during the rainy season was significantly lower than for the cool-dry and hot-dry seasons (P 0.05), but the rates in the cool-dry were not different from those in the hot-dry season (P 0.05). Detailed prevalence profiles (Figure 1) show that a higher prevalence of O. viverrini s.l. occurred after rainfall and that this diminished in the hot-dry season. In virgulate cercariae, the infection rate for cool-dry was significantly higher than in the rainy season (P 0.05), Figure 2 . The intensity of infection with O. viverrini s.l. immature stages (tissue rediae, tissue cercariae, and released cercariae) varied significantly with season (P 0.001). The intensity of tissue rediae in the rainy season was lower than in the hot-dry and cool-dry seasons (P 0.05) (Figure 2A ). When both shell length and season were analyzed as independent variables, both significantly influenced the intensity of rediae, but only shell length had a statistically significant effect on the intensity of tissue infection and released cercariae (P 0.05). The intensity of tissue infection with cercariae was comparable in the rainy and hot-dry seasons. This was greater than that in the cool-dry season (P 0.05) ( Figure 2B ). Cercarial release was higher in the hot-dry season, than during the rainy season, and became lowest in the cool-dry season ( Figure 2C ). No sporocysts of O. viverrini s.l. were detected in the snails examined.
For virgulate cercariae, the intensity of sporocyst and cercarial infection also varied significantly with season (P 0.01).
The intensity of sporocyst infection was highest in the hot-dry (P 0.05) compared with the rainy season followed by the lowest intensity in the cool-dry season ( Figure 2D ). The intensity of tissue cercariae was also highest in the hot-dry season but was different to sporocysts in that the lowest intensity was in the rainy season ( Figure 2E ). The number of cercariae released per day had the same pattern as that for tissue cercariae ( Figure 2F ) but the lowest intensity was in the cooldry season. When both shell length and season were considered together, only shell length had a statistically significant effect on the intensity of sporocyst infection and cercariae released (P 0.05).
Effect of immature trematode infection and season on the size of snails. A sample of 839 snails was selected for size comparisons. Of them, 360 were uninfected, 360 were infected by virgulate cercariae, and 119 were infected by O. viverrini s.l. The shell length was higher in the hot-dry and rainy seasons than in the cool-dry season (Figure 3 ). The shell length was significantly influenced by season and infection status (ANOVA, P 0.001).
The shell length of uninfected snails was greatest in the hot-dry season, followed by the rainy season and was smallest in the cool-dry season with a range of 7.30-12.12 mm overall three seasons. Snails infected with O. viverrini s.l. were significantly smaller than uninfected snails in the rainy and the cool-dry seasons (P 0.001) but were not different in the hotdry season. The shell length overall 3 seasons ranged from 6.84 to 11.11 mm and 31.93% were small snails ( 8 mm), 52.10% were prereproductive and in medium (8-10 mm) and (15.97%) were reproductive, large snails ( 10 mm). For virgulate cercariae, the infected snails were larger than uninfected snails and snails infected with O. viverrini s.l. in the rainy and hotdry season (P 0.001), but not in the cool-dry season. The shell length overall three seasons ranged between 7.17 and 13.43 mm, and 37.50%, 58.33%, and 4.17% were medium, large, and small snails, respectively.
Correlation between the number of immature trematode stages and snail size. A total of 269 snails were examined for O. viverrini s.l. and virgulate immature stages, with 119 infected with O. viverrini s.l. rediae and tissue and shedding cercariae and 150 infected with virgulate sporocysts and tissue and shedding cercariae. The numbers of rediae, tissue and shedding cercariae of O. viverrini s.l. were significantly correlated with shell length of snails (Figure 4) . The correlation between the number of sporocysts and cercarial shedding and shell length are shown in Figure 5 .
DISCUSSION
Within the overall prevalence of trematode cercarial infections in B. s. goniomphalos found in this study (16.58%), the majority, 11.55%, were virgulate cercariae and only 1.73% comprised O. viverrini s.l. The prevalences of both trematodes varied with season and became highest in the cool-dry season compared with the rainy season and hot-dry season. The high prevalence during the cool-dry season may be attributed to the reduced water volume accompanied by increased density of snail hosts and potentially the accumulation of eggs, increasing the chance of infection. 29 In addition, fluke eggs shed into the environment are more likely to be washed into water bodies during the rainy season, 9 and this corresponds to the fecal bacterial contamination being higher during the rainy season (April-October). 30 In snails, the miracidia hatch and develop further through the stages of sporocysts, rediae, and cercariae in 6-8 weeks. 31 This results in the accumulation of infected snails in the cool-dry season. Upatham and Sukhapanth 26 found that cercarial infection occurs all year round, with the highest infection rate in snails being found during the rainy season. Brockelman and others, 7 working at a different site, found that the percentage of native snails infected with O. viverrini s.l. was low (0.11%), but prevalence was higher in the cool-dry season than other seasons. This seasonal pattern also fits our data in spite of major environmental and land use changes having taken place in the northeast of Thailand since Brockelman's study.
The intensity of intra-molluscan stages, that is, tissue rediae, tissue cercariae, and cercariae, in O. viverrini s.l., as well as virgulate cercaria-infected snails, was highest in the hot-dry season. This indicates that temperature is one of the crucial factors for snails, as well as for larval growth and development. Prasopdee and others 15 found that infectivity of O. viverrini s.l. in B. s. goniomphalos was correlated with temperature and that a temperature of 34 C was optimal for obtaining the highest infection rate. This is important given the predicted increase in temperatures because of global climatic change. 32 Alternatively, small body size may affect the number of rediae and sporocysts produced, as the redial burden has been shown to be related to the size of Galba truncatula snails infected with Fasciola hepatica. 33 For both O. viverrini s.l. and virgulate cercariae, significantly fewer cercariae were released by snails in the cool-dry season with a peak being reached in the hot-dry season, which could also be related to temperature, snail size, or other environmental factors.
Size-related parameters showed that O. viverrini s.l. infects smaller prereproductive snails, whereas the virgulate species infected larger, reproductively active snails. In case of O. viverrini s.l., a possible explanation involves parasite-induced growth retardation, which reduces growth rate, potentially causing the low number of O. viverrini s.l. infecting reproductively larger snails.
14 Prereproductive Bithynia snails (shell length 8 mm) were reported to be more susceptible to O. viverrini s.l. infection, 14, 15 as enhanced trematode cercarial development has been shown to occur in juvenile snails because they have a weaker defense system. [34] [35] [36] In addition, O. viverrini s.l. may be more pathogenic to snails than the virgulate species leading to higher death rate of larger infected snails.
14 On the other hand, parasite-induced gigantism and the fact that larger snails are behaviorally more active 37 may explain why the virgulate species is predominantly found infecting larger snails. For snail-trematode interactions, gigantism is often postulated to benefit the parasite as a larger host provides a greater volume for parasite occupation and reproduction. 38, 39 Indeed, results from our work support this idea as larger infected B. s. goniomphalos contained higher numbers of virgulate sporocysts than smaller individuals. Further, miracidia are generally attracted to larger-size snails, as they are more active and have more of the body exposed as a target for miracidia. 40 There are data indicating that the snail growth rate increases or decreases depending on the biological features of the trematodes developing in the snail. In the case of O. viverrini s.l., infected snails were significantly smaller than uninfected individuals. Studies by Chanawong and Waikagul 14 and Prasopdee and others 15 found that the small snails had higher infection rates than larger snails. Therefore, shell size influences the susceptibility of B. s. goniomphalos infection and may be interpreted as a consequence of age variation.
The prevalence of O. viverrini s.l. in snails can be influenced by mixed infections when two trematode species occur within one snail. The first trematode species is usually able to interfere with the development of the second (interspecific competition). Low prevalence rates of O. viverrini s.l. in snails might therefore be the result of inter-trematode competition, with the virgulate species being substantially more common. Double species infection by trematode larvae in snails is usually infrequent. [41] [42] [43] This study considered the intra-molluscan development of O. viverrini s.l. and virgulate cercariae infected B. s. goniomphalos as natural infections in snails collected in the field. These are always more intensively infected with greater numbers of rediae and of cercariae than under laboratory conditions. 44 However, the lifespan of the naturally infected snails could not be elucidated in the field, since the date on which the snails became infected was not known. Laboratory experiments are required to clarify and extend these field results.
To conclude, in O. viverrini s.l. the prevalence peaked in the cool-dry season while the intensity of immature stages was greatest in the hot-dry season. Medium and large snails, or reproductive sizes, were less commonly infected than small prereproductive snails. Compared with uninfected snails, O. viverrini s.l.-infected snails were smaller during all seasons. For virgulate cercariae, the prevalence was highest in cool-dry season and the intensity of immature stages was greatest in hot-dry season. Snails infected with virgulate cercariae were larger in size than uninfected snails, as well as those snails infected with O. viverrini s.l. This pattern of seasonal infection and intensity, and the size/age of B. s. goniomphalos snails influence parasite epidemiology throughout their three host life. Different snail size selection by the trematodes suggests possible resource partitioning to avoid competition, or sizerelated pathology and susceptibility to infection.
